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Rashba spin-orbit oupling and spin relaxation in silion quantum wells
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(Dated: January 2004)
Silion is a leading andidate material for spin-based devies, and two-dimensional eletron gases
(2DEGs) formed in silion heterostrutures have been proposed for both spin transport and quan-
tum dot quantum omputing appliations. The key parameter for these appliations is the spin
relaxation time. Here we apply the theory of D'yakonov and Perel' (DP) to alulate the eletron
spin resonane linewidth of a silion 2DEG due to strutural inversion asymmetry for arbitrary
stati magneti eld diretion at low temperatures. We estimate the Rashba spin-orbit oupling
oeient in silion quantum wells and nd the T1 and T2 times of the spins from this mehanism
as a funtion of momentum sattering time, magneti eld, and devie-spei parameters. We ob-
tain agreement with existing data for the angular dependene of the relaxation times and show that
the magnitudes are onsistent with the DP mehanism. We suggest how to inrease the relaxation
times by appropriate devie design.
I. INTRODUCTION
Eletron spins in silion have been proposed as an attrative arhiteture for spintronis and quantum information
devies. The inherently low and tunable spin-orbit oupling (SOC) in silion heterostrutures and the possibility of
eliminating hyperne ouplings by isotopi puriation bodes well for quantum oherent spin-based qubits and spin
transport. Early experiments together with theory have shown that oherene times an be upwards of three orders
of magnitude longer than in GaAs.[1, 2, 3, 4℄
Energy relaxation of loalized spin states has attrated theoretial attention [5, 6, 7, 8℄ and experimental eort
[3, 9℄ for deades, and this ativity has reently revived in the ontext of quantum omputation. The idea is to store
quantum information in the spin of a single eletron onned in a semiondutor struture, either attahed to a donor
atom or onned eletrostatially in a quantum dot. Spin transport, also of great interest, enodes information in the
spin states of an ensemble of eletrons. In both ases, eletron spin resonane (ESR) measurements of spin relaxation
provide a key and available measure of spin oherene properties of eletrons in silion quantum wells, though not a
one-to-one orrespondene. Our aim in this paper is to explain some existing ESR results for silion 2DEGs at low
temperatures and to make preditions for future experiments.
The strutures that onern us here are layered semiondutor devies of Si and SiGe. The ative layer is the
quantum well (QW) that onnes the eletrons in the growth diretion. This layer will be assumed to be omposed
of pure, [001℄ strained silion. We shall also neglet any roughness or misut at the the Si/SiGe interfaes. Devies
made in this way are ommonly referred to in the semiondutor industry as MODFETs and are designed to maximize
mobility. Figure 1 introdues two example strutures.
Extensive theoretial work has been done on spin relaxation in GaAs and other III-V materials. The developments
that began with the theory of D'yakonov and Perel' [10, 11, 12℄ are most relevant for our purposes. These authors
found that utuating eetive magneti elds due to momentum sattering in the presene of SOC is the dominant
spin relaxation mehanism in semiondutor 2DEGs for low temperatures. Here, we start with this assumption and
use a general spin-density matrix approah to alulate the relaxation times of a 2DEG in the presene of a stati
magneti eld, inluding expliitly the angular dependene. Understanding the angular dependene of the linewidth
is important for omparison with ESR experiments and the extration of physially relevant parameters suh as the
momentum relaxation time. We also alulate separately in a k ·p formalism the Rashba spin orbit oupling parameter
in silion quantum wells. This is a key parameter in our alulation as well as for other spin ontrol onsiderations,
both negative and positive.
In the next setion we disuss the origin and magnitude of the SOC in realisti heterostrutures. The setion
following that presents our alulation. Lastly, we ompare with experiment and disuss the impliations for devie
design.
II. SPIN-ORBIT COUPLING
The strong marosopi eletri elds inside heterostruture QWs are important for understanding SOC, espeially
in silion. These elds are also devie-spei, so we arry out our alulations on the two representative strutures
in Figure 1. Both devies have square QWs, with equal barriers on the top and bottom interfae. The rst is typial
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Figure 1: Strong, internal eletri elds are ommon in silion quantum well devies. D1: A typial, high-mobiliy SiGe
heterostruture uses a donor layer to populate a high-density 2DEG. The harge separation results in an Ez ∼ 106 V/m.
D2: A proposed quantum dot quantum omputer [13℄ whih utilizes a tunnel-oupled bakgate to populate the quantum well
without the need for a nearby donor layer. Here, Ez > 10
5
V/m due to the image potential formed on the bakgate.
of MODFETs and employs a donor layer above the QW in order to populate it. This harge separation produes an
eletri eld between the two layers (aross the barrier or spaer layer) whih an be approximated by
Ez ≈ ens
ǫ0ǫSi
= −6× 106 V/m, (1)
where ns = 4 × 1015 m−2 is the density of eletrons in the 2DEG for Devie 1, e is the harge of an eletron, and
ǫi are the dieletri onstants. We assume that the QW is populated only by donor-layer eletrons, leaving an equal
amount of positive harge behind. The seond struture is one that has been proposed for use in a quantum omputer
devie.[13℄ It utilizes a near-lying, tunnel-oupled bakgate 2DEG (< 30 nm away) together with Shottky top-gates
to populate the QW seletively. This situation also results in a strong eletri eld due to the image potential on the
bak gate. For one qubit, this an be estimated as
Ez ≈ e
4πǫ0ǫSid2
= 3× 105 V/m, (2)
where d = 20 nm is the distane from the QW to the bak gate for Devie 2. Shottky top-gates and other devie
parameters an augment or redue this growth-diretion eletri eld nominally up to the breakdown eld of silion,
3 × 107 V/m, or the ionization energy of the eletron.[14℄ Indeed, this eld an atually be smaller than that due to
the top-gates in ertain dot ongurations.
The shift of the eletron g-fator from its free-eletron value g0 = 2.00232 is one measure of SOC in a system. It
is quite small in bulk silion and depends on the magneti eld diretion in the (elliptial) ondution band minima
(∆g‖ ≈ −0.003, ∆g⊥ ≈ −0.004).[9℄ However, it is diult to reliably extrat the SOC strength in a 2DEG from ∆g.
Many parameters (e.g., strain, barrier penetration, Ge ontent (gGe = 1.4), non-paraboliity of the band minima)
inuene the magnitude and sign of ∆g and it may show onsiderable sample dependene. The non-paraboliity
eets are espeially sensitive to the eletron density within the QW and an hide the magnitude of SOC within a
system.[15℄
In these silion heterostrutures, SOC is dominated by inversion asymmetry within the devie. The spin-orbit (SO)
Hamiltonian to rst order in momentum is given in an arbitrary eletrostati potential V by
HSO =
~
4m2c2
Ez~σ · (zˆ × p),
where σi are the Pauli matries. Note that the eetive magneti eld that ats on the spin is in the plane of the layer.
In Si heterostrutures, the marosopi elds, whih do not average out, are more important than the atomi eletri
elds. In the nonentrosymmetri III-V materials suh as GaAs, this is not neessarily the ase and the resulting
Dresselhaus or bulk inversion asymmetry elds are usually dominant. The asymmetry onsidered here, due either to
an interfae, harge distribution, or external potential, is usually alled Rashba or strutural inversion asymmetry.
3The Rashba term omes diretly from the SO Hamiltonian if we assume one, dominant symmetry-breaking eletri
eld in the struture and average over a momentum state. In a QW, as we have pointed out above, the eletri eld
is in the growth (z) diretion and thus the z-omponent of the above dot-produt is seleted and we obtain
H2DR = α(pxσy − pyσx) ∝ Ez(~σ × p)z, (3)
whih is then the Rashba-Byhkov Hamiltonian.[16℄
Stritly speaking, as de Andrade e Silva et. al. point out [17℄, the ondution-band-edge prole, Ec, and the spae
harge separation (or applied eletrostati eld), Ez, ontribute separately and sometimes dissimilarly to the SOC.
For example, the wavefuntion disontinuity (band oset) aross a material-interfae an ause Rashba spin-splitting
itself. However, in devies of the type onsidered here, the marosopi eld should be the main ontribution. These
same authors have derived an expression for α in the Kane model for GaAs. We have adapted their work for Si, using
a 5-parameter 8-band Kane model. This is 8 bands inluding spin, whih means just the lowest ondution band and
the three highest valene bands. By alulating the breaking of the degeneray between the spin-up and spin-down
states of the lowest ondution band, we nd
α =
2PPz∆d√
2~Ev1Ev2
(
1
Ev1
+
1
Ev2
)
e 〈Ez〉 , (4)
where we have taken the average of the eletri eld in the z-diretion. Here P = ~〈X |px|S〉/im, Pz = ~〈Z|pz|S〉/im,
∆d = 0.044 eV is the spin-orbit splitting of the two highest ondution bands, Ev1 = 3.1 eV is the diret gap of
the strained sample, and Ev2 = 7 eV is the gap between the ondution band minimum and the lowest of the three
valene bands. (These are the 5 parameters mentioned above.) m is the bare eletron mass. The matrix elements
that dene P and Pz are to be taken between the ell-periodi funtions of the indiated symmetry at the position
of the ondution-band minimum. Unfortunately, these are not well known in Si, sine other bands ontribute. We
may note that P and Pz are examples of momentum matrix elements that don't vary too muh in III-V materials
and Ge,[18℄ and are given approximately by 2mP 2(z)/~
2 ≈ 22 eV. With these values we nd that for devies of type 1,
α ≈ 1.66× 10−6 〈Ez〉 m/s. (5)
Previous Kane models for GaAs involve matrix elements at k = 0. Our theory is new sine it takes into aount
the proper symmetry of silion with it's minima well away from the zone enter.
Wilamowski et. al. [19℄, using ondution eletron spin resonane (CESR), have measured α ≈ 5.94 m/s (αe/~ =
0.55/
√
2 × 10−12 eV·m in their units) [33℄ in a Si0.75Ge0.25/Si/Si0.75Ge0.25 QW where the strained-silion layer was
roughly 12 − 20 nm. Carrier onentrations were ns ≈ 4 × 1015m−2. These numbers orrespond to our Devie 1
parameters. Our equations then give, using Eq. 5,
αD1 ≈ 5.1 m/s for 〈Ez〉 = 3× 106 V/m. (6)
Theory ompares in order of magnitude and we believe that our estimation has some utility as a guide for devie
design.
For Devie 2, αD2 ≈ 0.25 m/s for 〈Ez〉 = 1.5 × 105 V/m. This devie remains to be built. For Devie 1, we an
also predit the zero magneti eld spin-splitting in a silion 2DEG using |ǫ+ − ǫ−| ≤ 2αpF ,
2αpF = 2α~
√
4πns
4
≈ 0.75µeV,
where 4 is the degeneray fator in silion (spin+valley). This has not yet been diretly measured to our knowledge.
Taking a Zeeman splitting of gµBB = 0.75µeV with a g-fator of 2, this implies an internal, in-plane, eetive magneti
eldthe so-alled Rashba eldof roughly 62 Gauss, whih is the diret result of SOC in the silion 2DEG of Devie
1.
Let's onsider the relevane of our silion SOC results to QC and spintronis. We note that the magnitude of the
Rashba oeient is muh smaller than for GaAs. For the same eletri eld and 2DEG density as Devie 1, a similar
~k · ~p theory for GaAs arrives at αGaAs ≈ 230 m/s.[17℄ But GaAs itself is not a high Rashba III-V semiondutor and
is thought to be be dominated by Dresselhaus SOC (βGaAs ≈ 1000 m/s).[20℄ InAs-based heterojutions, for example,
may have orders of magnitude higher Rashba values.[21℄ This means that SOC eets in silion devies will be muh
smaller, inluding deoherene and gating errors that are SOC-based.
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Figure 2: ESR linewidths in Gauss as a funtion of stati magneti eld diretion (where θ = 0 is perpendiular to the 2DEG
plane) for spei values of 2DEG density and Rashba asymmetry. The quantum well is assumed to be ompletely donor-layer
populated and as suh, α is alulated diretly with Eq. 5 as a funtion of the 2DEG density.
III. SPIN RELAXATION
We wish to onsider the ombined eets of the SO Hamiltonian
H2DR = α(pxσy − pyσx)
and the sattering Hamiltonian. The sattering may be from phonons or from stati disorder. We take the semilassial
approah, in whih the eet of sattering is to ause transitions at random intervals from one wavepaket entered at
~p with ε~p = εF to another entered at ~p
′
with ε~p′ = εF , where εF is the Fermi energy. This orresponds to a random
swithing in the diretion of the eetive magneti eld that ats on the spin degree of freedom. This is the D'yakonov-
Perel' mehanism of spin relaxation.[10, 11℄ The measured quantity in the ontinuous-wave experiments arried out on
2DEGs is T2, the transverse relaxation time, while pulsed experiments an also measure T1, the longitudinal relaxation
time. For our purposes, a density matrix approah is the natural one, sine we will eventually want to perform an
ensemble average over all possible sattering sequenes. Sine the physial model of spins in a random time-dependent
magneti eld is the same as that for relaxation of nulear spins in liquids, the Redeld tehnique may be used.
We outline the alulation only briey, sine the details are parallel to the disussion in standard texts.[22℄ The
2 × 2 density matrix ρ allows us to ompute the expetation values of the spin by 〈σi〉 = Tr {σiρ} . For a single
system desribed by the Hamiltonian H, we have the equation of motion dρ/dt = i
~
[ρ,H ] . In the ase of
H = H0 +H1(t), (7)
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Figure 3: ESR linewidth lifetime T2 from Eq. 16 for onstant asymmetry oeient, α = 1 m/s, as a funtion of 2DEG
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2
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2
.
The magneti eld is assumed to be B = 0.33 Tesla, perpendiular to the plane of the 2DEG.
where H1 is small, it is onvenient to go to the interation representation
ρint = exp(−iH0t/~)ρ exp(iH0t/~), (8)
and then we get
dρint
dt
=
i
~
[
ρint , Hint1 (t)
]
, (9)
where
Hint1 (t) = exp(iH0t/~)H1 exp(−iH0t/~). (10)
This equation an be integrated to give
ρint(t) = ρint(0) +
i
~
∫ t
0
[
ρint(t′), Hint1 (t
′)
]
dt′, (11)
and this an be solved interatively, whih in seond order gives
dρint(t)
dt
=
i
~
[
ρint(0), Hint1 (t)
]
(12)
+
(
i
~
)2 ∫ t
0
dt′
[[
ρint(0), Hint1 (t
′
)
]
, Hint1 (t)
]
.
For example, let the steady eld be in the z-diretion, so that H0 = ~ωcσz/2. The utuating eld
[
Hint
1
(t)
]
ss′′
=∑
i=x,y h
i(t)σiss′′ is in the transverse diretion. The rst order matrix element vanishes and we are left, in seond
order, with (
i
~
)−2(
dρintss′
dt
)
2
=
∑
s′′s′′′
ρss′′(0)
[
Hint
1
(t′)
]
s′′s′′′
[
Hint
1
(t)
]
s′′′s′
ei(s
′′−s′′′)t′ei(s
′′′−s′)t
(13)
+
∑
s′′s′′′
[
Hint
1
(t)
]
ss′′
ei(s−s
′′)t
[
Hint
1
(t)
]
s′′s′′′
ei(s
′′−s′′′)t′ρs′′′s′(0)
−
∑
s′′s′′′
[
Hint
1
(t′)
]
ss′′
ei(s−s
′′)t′ρints′′s′′′(0)
[
Hint
1
(t)
]
s′′′s′
ei(s
′′′−s′)t
−
∑
s′′s′′′
[
Hint
1
(t)
]
ss′′
ei(s−s
′′)tρints′′s′′′ (0)e
i(s′′′−s′)t′
[
Hint
1
(t′)
]
s′′′s′
,
6where we dene est = eǫst. Averaging the random eld, we nd[
Hint
1
(t)
]
ss′′
[
Hint
1
(t′)
]
s′′s′′′
=
∑
ij
hi(t)hj(t′)σiss′′σ
j
s′′s′′′
=
∑
i=x,y,z
χi(t− t′)σiss′′σis′′s′′′ ,
where τ = t − t′ and we dene χi(τ) = hi(t)hi(t′). We substitute this expression into Eq. 13 and do the matrix
algebra. Eq. 13 an then be integrated in the limit where t is large. We neglet the osillating terms, whih then
yield (
i
~
)−2〈
dρ++
dt
〉
= [χx(ωc) + χ
y(ωc)] [ρ++(0)− ρ−−(0)]
and (
i
~
)−2〈
dρ+−
dt
〉
= ρ+−(0) [χ
x(ωc) + χ
y(ωc) + 2χ
z(0)]
To obtain the relaxation times we must onsider the equation for the spin:
d 〈σz〉
dt
=
d [Tr (σzρ)]
dt
=
d
dt
(ρ++ − ρ−−)
= 2
(
i
~
)2
[χx(ωc) + χ
y(ωc)] [ρ++(0)− ρ−−(0)]
= −2
(
1
~
)2
[χx(ωc) + χ
y(ωc)] 〈σz〉 (14)
and so
1/T1 = 2 [χ
x(ωc) + χ
y(ωc)] /~
2.
Also
d 〈σx〉
dt
=
dT r (σxρ)
dt
=
d
dt
(ρ+− + ρ−+)
= − [ρ+−(0) + ρ+−(0)] [χx(ωc) + χy(ωc) + 2χz(0)] /~2
= − [χx(ωc) + χy(ωc) + 2χz(0)] 〈σx〉 /~2,
whih gives
1/T2 = [χ
x(ωc) + χ
y(ωc) + 2χ
z(0)] /~2.
This gives a relation
1/T2 = 1/2T1 + 2χ
z(0)/~2.
We now wish to speialize to the ase of a DP mehanism in a 2DEG. The main point is that the stati eld may
be in any diretion, while the utuationg eld is in the plane. Consider rst the speial ase that the stati eld is
along ẑ. Then
1/T2 = 1/2T1 = [χ
x(ωc) + χ
y(ωc)] /~
2.
Now onsider a general diretion, say
~B along the diretion Bxx̂+Bz ẑ = sin θx̂+ cos θẑ, so that θ is the angle to the
normal. Then the longitudinal utuations χ‖, whih are quadrati in the eld, are proportional to sin2 θ and the
transverse ones χ⊥to cos2 θ. Thus
1/T1(θ) = 2
[
cos2 θχx(ωL) + χ
y(ωL)
]
/~2 (15)
7while
1/T2(θ) =
[
cos2 θχx(ωL) + χ
y(ωL) + 2 sin
2 θχx(0)
]
/~2. (16)
For the DP mehanism in a 2DEG the random eld is onstant in magnitude, but random in diretion. The statistis
of this eld are Poisson: namely that if the x-omponent the eld at time t = 0 is hx, then the hane of it remaining
at hx deays as exp(−t/τp). Hene
hi(0)hi(τp) =
〈
h2x
〉
e−t/τ =
1
2
α2p2F e
−t/τp ,
and
χx,y(ω) =
α2p2F τ
2
p
1 + ω2τ2p
.
In these formulas, τp is the momentum relaxation time. Note that these formulas assume s-wave sattering.
The zero-frequeny limit of these formulas agrees with the reent results of Burkov and MaDonald [23℄ [see their
Eq.(17)℄ . They do not agree with the formulas in Wilamowski et. al. [19℄, [see, e.g., their Eq.(3)℄ who state that the
relaxation from the DP mehanism should vanish when θ = 0. This is not onsistent with our results.
The DP mehanism has the nie feature that it is relatively easy to isolate experimentally. It is strongly anisotropi
in the diretion of the applied eld ompared to other mehanisms. To illustrate this we plot the ESR linewidths
as a funtion of eld angle in Fig. 2. What is most striking is the opposite dependene on angle for the rates
1/T1 and 1/T2, with 1/T2 maximized when the eld is in the plane of the 2DEG, while 1/T1 is maximized when
the eld is perpendiular to the plane of the 2DEG. Physially, this omes from the fat that the eletri eld is
perpendiular, so that the utuations of the eetive magneti eld are in the plane. Longitudinal relaxation (T1)
is due to utuations perpendiular to the steady eld, while transverse relaxation (T2) is due to utuations both
perpendiular and parallel to the steady eld. This mehanism has the harateristi that the hange in 1/T1 as the
eld is rotated through 90 degrees is always a fator of two. The hange in 1/T2 is frequeny- and lifetime-dependent,
with the anisotropy inreasing as the mobility inreases.
The DP relaxation also has the ounter-intuitive inverse dependene of the spin relaxation time on the momentum
relaxation time: 1/T1,2 ∝ τp, for small τp (or zero eld), typial for motional narrowing. We plot the dependene of
T2 on the mobility in Fig. 3. At high mobilities and high frequenies ω >> 1/τp, we nd 1/T1,2 ∝ 1/τp.
IV. DISCUSSION
We have alulated the transverse and longitudinal relaxation times of a silion 2DEG in an arbitrary stati
magneti eld. To test our alulations, we ompare them to known ESR data.[1, 2, 19, 24, 25℄ We limit ourselves to
low temperatures, ǫF ∼ 10− 15 K, and realisti material parameters for state-of-the-art heterostrutures.
The most robust predition of the theory is the anisotropy, partiularly that of T1, whih is ompletely independent
of all parameters. The only measurement, in Ref. [3℄, gives satisfatory agreement for T1 : T
B‖z
1 /T
B⊥z
1 = 0.67 as
opposed to the predition 0.5. Furthermore, the anisotropy of 1/T2 goes in the opposite diretion, as it should. The
magnitude of this anisotropy is measured to be T
B‖z
2 /T
B⊥z
2 = 12.5 whih is about a fator of six larger than the
theory predits for the quoted mobility. The relaxation times, as far as an be determined by the range set by the
unertainty in silion band parameters, are in rough agreement with what one gets from estimates assuming that
this well is a devie of type 1. The anisotropy of the 2DEG ESR linewidth is independent of α and is indeed only
dependent on one free variable: the momentum relaxation time τp whih we assume is diretly proportional to the
mobility. The magnitude of the relaxation time, on the other hand, is set by the Rashba oeient together with the
Fermi momentum.
Table I details results for four other samples as well, also nominally of type 1 for whih measurements of T2 have
been performed. Agreement is good for the sample of Ref. [19℄, partiularly for the anisotropy of T2. This is a
donor-layer-populated sample measured with CW-ESR. Ref. [25℄, measured via eletrially-deteted ESR (ED-ESR),
also is in good agreement with the anisotropy predited by the theory. Comparison with the sample of Ref. [24℄ also
seems to be very good. This is an IBM 2DEG with a density of roughly 4× 1015 m−2 and a quantum well thikness
of 10 nm, fully donor-layer populated. Agreement is onsiderably less good for the sample in Ref. [1℄. Here the
mobility is not well-known, and the sample is partially populated by illumination. So we are lead to believe that there
is some dierene between the two sets of samples that auses one set to have a larger T2 anisotropy than our theory
predits, even for very similar material paramters (density and mobility). Further experimental work along the lines
of measuring the density, mobility, T1, and T2 on the same samples is needed.
8Soure Linewidth Anisotropy
Ref. [19℄
5-30 K
µ ∼ 20 m2/V-s
ns ∼ 4× 1015 m−2
CW-ESR
donor populated
Exp.:
T
B‖z
2
= 420 ns (0.15 G)
TB⊥z2 = 140 ns (0.45 G)
Pred.:
T
B‖z
2
=191 ns
TB⊥z2 =60 ns
T
B‖z
2
/TB⊥z2 = 3
T
B‖z
2
/TB⊥z2 = 3.2
T
B‖z
1
/TB⊥z1 = 0.5
Ref. [2℄
5 K
µ ∼ 9 m2/V-s
ns ∼ 3× 1015m−2
Pulsed-ESR
light populated
Exp.:
T
B‖z
2
=3 µs
TB⊥z2 =0.24 µs
T
B‖z
1
=2 µs
TB⊥z1 =3 µs
Pred.:
T
B‖z
2
=502 ns
TB⊥z2 =272 ns
T
B‖z
1
=251 ns
TB⊥z1 =502 ns
T
B‖z
2
/TB⊥z2 = 12.5
T
B‖z
1
/TB⊥z1 =0.67
T
B‖z
2
/TB⊥z2 = 1.8
T
B‖z
1
/TB⊥z1 =0.5
Ref. [1℄
µ ∼ 10 m2/V-s
ns ∼ 3× 1015 m−2
CW-ESR
light/gate populated
Exp.:
T
B‖z
2
=12 µs
TB⊥z2 =500 ns
Pred.:
T
B‖z
2
=480 ns
TB⊥z2 =193 ns
T
B‖z
2
/TB⊥z2 = 24
T
B‖z
2
/TB⊥z2 = 1.9
T
B‖z
1
/TB⊥z1 = 0.5
Ref. [24℄
µ ∼ 5 m2/V-s
ns ∼ 4× 1015 m−2
CW-ESR
donor populated
Exp.:
T
B‖z
2
= 50 ns (0.13 G)
TB⊥z2 = 30 ns (0.215 G)
Pred.:
T
B‖z
2
=31 ns
TB⊥z2 =20 ns
T
B‖z
2
/TB⊥z2 = 1.65
T
B‖z
2
/TB⊥z2 = 1.6
T
B‖z
1
/TB⊥z1 = 0.5
Ref. [25℄
4.2 K
µ ∼ 9 m2/V-s
ns ∼ 4× 1015 m−2
ED-ESR
donor populated
Exp.:
T
B‖z
2
= 105 ns (0.6 G)
TB⊥z2 = 49 ns (1.3 G)
Pred.:
T
B‖z
2
=212 ns
TB⊥z2 =115 ns
T
B‖z
2
/TB⊥z2 = 2.2
T
B‖z
2
/TB⊥z2 = 1.8
T
B‖z
1
/TB⊥z1 = 0.5
Table I: We alulate relaxation times assuming that the QW is ompletely populated by the donor layer. Aurate analysis is
made diult due to lak of preise values for mobility and density, whih are often not measured diretly (or reported) for the
spei sample addressed with ESR. The anisotropy does not depend on the Rashba oeient. Note also that there is some
disagreement in the literature as to how to onvert from linewidth to a relaxation time, we use the equations derived by Poole
in Ref. [26℄, T2 = 2~/
(√
3gµB∆H
0
pp
)
, but others may dier by a fator of up to 2pi.
The magnitude of the predited relaxation times is in general well predited by the theory, but there is a range of
error. The position of the ionized enters whih populate the well is important for the alulation of the eletri eld
whih is thus hard to haraterize. Photoeletrons reated with light at the bandgap energy may also have symmetry
hanging eets. This may explain why the Rashba oeient derived from varying the 2DEG density by light in Ref.
[19℄ appears to be independent of density. It is also important to point out that parallel ondutivity (urrent paths
through both the 2DEG and the donor-layer for example) is a ommon problem in today's SiGe quantum wells and
may eet the transport measurements of density and espeially mobility making omparison with theory diult.
Other mehanisms may beome important as we leave the parameter range onsidered in this paper. Eletron-
eletron ollisions whih do not greatly aet the mobility at low temperatures may start to ontribute at higher
temperatures and mobilities, as they appear to do in GaAs quantum wells.[27℄ These ollisions will also relax the
spin, but the relation between momentum relaxation and spin relaxation is not expeted to be the same as for the
9elasti ollisions onsidered here. At higher magneti elds, the ylotron motion of the eletrons is important. In
the semilassial piture, when ωcτp ≥ 1, the average value of the momentum perpendiular to the magneti eld
shrinks, reduing or even eliminating DP spin relaxation, as has been onsidered for III-V semiondutors in the
xed magneti eld ase.[12, 28℄ This eet may beome important at high mobilities and would be dependent on
magneti eld angle, inreasing the anisotropy predited here while also inreasing the relaxation times. Quantum
eets may beome important in this regime however. The wave vetor dependene of the ondution band eletron
g-fator may also lead to relaxation, as has been pointed out reently,[29℄ but hasn't been onsidered here. Finally,
the addition of details related to the presene of two ondution-band valleys may dierentiate further the ase of Si
from that of GaAs. Golub and Ivhenko [30℄ have onsidered spin relaxation in symmetrial (α=0) SiGe QWs, where
valley domains (even or odd monolayer regions of the QW) may have inuene over spin dynamis. Random spin-
orbit oupling due to variations in the donor layer harge distribution may also be important in symmetri quantum
wells.[31, 32℄
Long spin relaxation times on the order of hundreds of nanoseonds to miroseonds, found in presently available
SiGe quantum wells, hold great promise for both quantum information proessing and spintronis. Our results demon-
strate that dereasing the reetion asymmetry within the devie will appreiably derease the Rashba oeient and
the onsequent spin relaxation at low temperatures. This an be ahieved by a symmetri doping prole or using an
external eletri eld to anel out the eld of the ions. They further show that the anisotropy of the ESR linewidth
as a funtion of angle may be a good indiator of 2DEG quality (mobility) independent of transport measurements.
As higher mobility and more exoti SiGe heterostrutures are grown and haraterized, new physis may emerge.
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